We propose a compact laser feedback interferometry imaging system for concurrent reflectance confocal microscopy and laser Doppler flowmetry. This system acquires both confocal reflectance and Doppler signals in a confocal architecture to image dynamic turbid media with higher contrast than a system operating in either modality and is coherent in nature. In a confocal optical configuration, reflectance confocal microscopy provides information about scattering from within a small volume centered around the focal point of the confocal system, and laser Doppler flowmetry provides information about the velocity of moving scatterers within the same volume. Raster scanning the sample enables the concurrent creation of two images, containing independent information, from a well-specified depth within the sample. Concurrent spatial mapping of these independent sensing modalities affords improvement in the capability of the imaging system by obtaining additional information from both morphological and functional features of the dynamic turbid medium at depths penetrable by near-infrared lasers. We realize the idea using a laser feedback interferometry imaging system scanning a microfluidic channel that contains a dynamic turbid medium. We show the effectiveness of this integrated imager quantitatively through the improvement of the signal-to-background ratio of a combined (multiplication) image.
Introduction
Two major optical imaging techniques used in non-invasive biological diagnostic practices are reflectance confocal microscopy (RCM) [1] , [2] and laser Doppler flowmetry (LDF) [3] - [5] . RCM and LDF images spatially map the contrast in optical properties and blood microcirculation of biological tissues, respectively. Optical properties, such as scattering and absorption coefficients and optical refractive index, are morphological biomarkers which can be mapped by measuring the optical reflectance in RCM [1] , [2] , [6] . Blood microcirculation is a functional biomarker which can be quantified and imaged by LDF [3] , [7] . Both can be considered as biomarkers for identifying deformity and abnormal activity in the tissue caused by a disease [2] , [5] .
Although reflected signals from dynamic turbid media contain information about both the reflectance intensity and Doppler, laser imaging systems normally record one of these modalities at a time. For instance, Wardell et al. considered the influence of tissues' optical properties on the Doppler signal, manifested through backscattering level, as a nuisance and ignored it by normalizing the photodetector signal to the average photocurrent and neglecting the dc part of the signal [3] . However, this neglected information is in fact the reflectance of the laser beam.
The combination of imaging modalities has previously been explored: for example, combining optical coherence tomography with Doppler flowmetry [8] or multispectral reflectance imaging with laser speckle flowmetry [9] . Furthermore, laser reflectance and Doppler images of the same tissue were provided using separate systems for the purpose of comparison [10] . Despite this, the authors remain unaware of any work to date that simultaneously extracts and utilizes both confocal reflectance and Doppler flowmetry parts of the signal in an integrated confocal laser imaging system.
In a confocal optical configuration, RCM provides information about scattering from within a small volume centered around the focal point of the confocal system, effectively suppressing reflection from the surface of the sample (as well as from outside this small volume). The measured signal is usually referred to as the RCM signal [2] , and it provides information from a well-specified depth within the sample, which is entirely different from the conventional image of the sample surface. While the RCM signal provides information about morphology of the sample, the LDF signal provides information about the spatial distribution of velocities of moving scatterers within the sample. In this article, we obtain both of these signals concurrently using a laser feedback interferometer in a confocal optical configuration.
A laser feedback interferometry (LFI) imaging system works based on a self-mixing effect [11] - [14] and has already been used in reflectance imaging [15] , [16] and Doppler imaging systems [17] . This technique has a simple, easy to align, and inexpensive configuration, wherein the laser serves as both transmitter and receiver. Images provided by this system can then be combined (e.g. added or multiplied) or interpreted separately to improve the sensitivity of the imaging system. To the best of our knowledge, this is the first time that both confocal reflectance and Doppler modalities are used in an integrated confocal laser imaging system to generate two independent images concurrently. This paper is structured as follows: We discuss experimental details in Section 2, describing the method and technical considerations; Section 3 presents signal processing procedures; Section 4 contains results and related discussion; and Section 5 concludes the paper.
Experimental Details
Our compact laser imaging system to realize the idea is a confocal LFI imaging apparatus [11] - [13] in an LDF implementation. This simple system has previously been used to monitor blood perfusion [12] , [18] . In an LFI system, a portion of the emitted beam reflects back from the target, reenters the cavity, mixes with intracavity field, and modulates the optical power, causing interference inside the laser cavity. Therefore, in this system the laser acts as both transmitter and receiver. The remote target forms an external cavity and any changes in the characteristics of this external cavity, either attributed to the dimensions of the external cavity or the behavior of the target, give rise to perturbations in the laser's optical and electrical properties. By monitoring the laser output power or terminal voltage (which is proportional to the output power), these changes can be sensed [13] , [19] , [20] .
In this paper, changes of interest are target's reflectivity level and Doppler shift in the beam frequency. In order to experimentally demonstrate the technique, we require a dynamic turbid medium as a target which contains moving particles and possesses different optical properties with respect to a substrate. An optically turbid medium is a partially transparent material containing randomly distributed scatterer and absorber particles with scattering coefficient well above absorption coefficient so that light will be diffused when passing through such a medium. A dynamic turbid medium is an optically turbid medium that contains both moving and static particles.
We employed a fairly simple target to act as a biological tissue phantom. The target used was a microfluidic channel containing diluted milk flow which is commonly used as a test bed for such systems [21] . Homogenized milk has been used frequently as a blood phantom in modeling biological tissues as its fat particles mimic red blood cells in size and optical properties [22] . Homogenized milk also has high scattering and low absorption coefficients in the near-infrared range which are close to those of blood.
In this laser imaging system, moving fat particles will produce a Doppler shift in the beam frequency and the optical properties of the emulsified solution will generate a different confocal reflectance pattern with respect to the surrounding area of the flow channel, which is a transparent amorphous polymer called Zeonor. Fig. 1 shows the LFI imaging set up. An 850 nm vertical cavity surface emitting laser (VCSEL) (Litrax Technology Co., Ltd.) was used in this system. This wavelength is particularly interesting in biological applications as water has a low absorption coefficient at 850 nm. The VCSEL was operating at 3.55 mA, just above the threshold current, which was about 3.4 mA under the feedback regime, and the beam half divergence angle was about 7 degrees. The VCSEL's temperature was controlled at 35°C as the self-mixing signal was stronger and more stable at this temperature [23] . A pair of lenses with focal lengths of 8 mm, clear apertures of 8 mm, and numerical apertures of 0.5 were used to collimate and focus the beam (model C240TME-B, Thorlabs, Inc.).
We used a two inlet microfluidic rhombic chamber chip (microfluidic ChipShop GmbH, product code: 12-0904-0172-05) as the target, shown in Fig. 2 , containing a homogenized diluted milk flow. We diluted milk by adding two portions of distilled water to one portion of milk. The chamber capacity, depth, and width were 120 μL, 500 μm, and 6.5 mm, respectively. The microfluidic chip Fig. 3 . Cross-sectional view of microfluidic channel. The channel has a depth of 500 μm with 188 μm thick walls made of Zeonor. A focused laser beam is projected into the channel to measure confocal reflectance and Doppler signals due to diluted milk flow at the velocity of V (gray arrows). The focused beam has a sensing volume as defined by the gray ellipse. The insets show i) LFI signal containing LDF spectrum and RCM signal obtained from the LFI sensor. ii) LDF spectrum and iii) RCM signal, which are both derived from i).
was made of Zeonor with a top lid thickness of 188 μm. We focused the beam approximately into the middle of the microfluidic channel at the depth of about 440 μm from the top surface of the channel. Fig. 3 shows the side view of the microfluidic channel including the focused beam. The direction of diluted milk flow and position of the focal point and sensing volume in the center of the microfluidic channel are schematically depicted. The LFI signal contains both LDF and RCM information pertaining to the sensing volume and is separated into an LDF spectrum and an RCM signal.
To create an intentionally uneven flow distribution in the channel, we put a stop valve on one of the inlets and pushed a 2:1 distilled water-milk solution through the channel using a syringe pump with a flow rate of 400 μL/min. Fluid enters the channel from inlet a in Fig. 2 . The high flow rate and channel size results in a velocity gradient in the flow channel. We expect an even map from the confocal reflectance signal as optical properties stay the same over the whole scan area of the diluted milk. Thus, this non-uniformity of flow in the rhombic channel permits one to readily distinguish between confocal reflectance and Doppler maps. To generate the images, we used motorized two-axis translation stages (Zaber Technologies Inc.) to move the microfluidic channel so that the beam scans the channel in a raster fashion. We raster scanned an area of 8 × 8 mm 2 in 62 × 62 steps (at 130 μm pitch), depicted as the shaded area in Fig. 2 . This area covers the entire channel width of 6.5 mm.
Photons collide with moving particles and are scattered. In a turbid medium, the number of scattering events is well above the number of absorption events so that the photons will be diffused and travel in randomized directions. After each collision with a moving scatterer, a shift occurs in the photon's frequency which is equal to the Doppler shift. The effect of the optical system on the Doppler spectrum in an LFI system has been studied in previous work [20] . In the case of multiple dynamic scattering events, an accumulated shift occurs in the frequency of the photon and it becomes challenging to quantify the velocity of dynamic scatterers in absolute terms. Therefore, we compute a Doppler signal (which is a measure of perfusion), which is proportional to the product of the root-mean-square of the scatterer's velocity and concentration [24] . This signal is normalized to its peak value and expressed in arbitrary units, and we refer to it as the Doppler signal.
We used the first moment of the power spectrum to extract the Doppler signal, which is calculated as follows:
where ω is the angular frequency, and P (ω) is the Doppler power spectrum. In our scheme, the beam axis is normal to flow and the resultant frequency spectrum is a broadened Doppler spectrum around zero. This scheme is different from conventional LDF systems, which work at a slanted angle with respect to the flow target. This scheme was chosen because perpendicular laser imaging systems are more desirable in biomedical applications [25] .
We obtained the signal from the VCSEL junction voltage which was proportional to the optical output power [26] , for simplicity, using fewer components, and having access to a broader bandwidth [19] . Because the laser was noisy at dc or low frequencies [23] , we needed to modulate the beam at a higher frequency to extract the confocal reflectance signal. Therefore, we used an optical chopper as a mechanical modulator, shown in Fig. 1 , to modulate the laser beam in the collimated path. Optical chopper blades modulated the beam at a frequency of 877 Hz, resulting in a timedomain signal containing two voltage levels, corresponding to two different feedback levels [27] . The number of photons which make their ways back to the laser cavity is a measure of the steady-state confocal reflectance. LFI signal was obtained from the VCSEL junction voltage fed into a 16-bit data acquisition card after AC-coupled amplification. The sampling rate was 60 kS/s and the number of samples used was 12 kS. We applied the fast Fourier transform to the sampled time sequence to convert the time domain signal to a frequency domain signal and used a Savitzky-Golay filter in Matlab to smooth out the signal and reduce the level of noise.
Signal Processing
To discuss how the signal was processed in order to prepare images, Fig. 4 from three typical states of the target as (a) signal from a flow area which includes both confocal reflectance and Doppler, (b) signal from a point outside the flow area including a weak specular reflection from the surface of the microfluidic channel, and (c) signal in the absence of the target (noise floor). Red and green broken lines in Fig. 4 are filtered Doppler power spectrum of the LFI signal and noise floor, respectively. This filtered Doppler power spectrum [e.g. the red broken line as annotated in Fig. 4(a) ] was taken as the power spectrum in (1). Doppler signal was then calculated as a discretization of (1) using the filtered Doppler power spectrum. As was previously mentioned and can be seen in Fig. 4(a) , the Doppler power spectrum is a broadened spectrum around the frequency of zero as the laser beam axis was perpendicular to the surface of microfluidic channel in our scheme. The confocal reflectance signal was calculated as the magnitude of the first harmonic in the frequency domain signal with respect to the noise level, as annotated in Fig. 4(a) . The first harmonic occurs at the frequency of 877 Hz (optical chopper frequency), and higher harmonics due to square modulation of the beam are visible at integer multiples of this frequency. Confocal reflectance and Doppler data can also be interpreted from the time domain signal. For instance, time domain signal in Fig. 4 (a) has two levels. Low level shows the noise (obstructed beam), as annotated in Fig. 4(a) , while high level contains both the Doppler information, which is the fluctuations on top of the average high level signal as annotated in Fig. 4(a) , and steady-state confocal reflectance information, which is the average magnitude of the high level signal. The signal in part (b) of Fig. 4 does not contain Doppler information, whereas it encodes weak reflectance coming from the surface of the microfluidic channel. This reflectance can again be determined by measuring the magnitude of the first harmonic in the power spectrum, and it generates a noisy 
Results and Discussion
Normalized scan results are shown in Fig. 5 . Maps are normalized to the maximum values of the signal at each part. Fig. 5(a) shows the Doppler flowmetry map of the scan. As expected the flow has a higher rate on the lower side of the channel as it enters from inlet a in Fig. 2 . The area near the input of the rhombic channel has the highest flow rate in this image. Fig. 5(b) shows the confocal reflectance image from the same scan. These two images are formed concurrently, resulting in two clearly different maps: one containing the Doppler present in the mapped region [see Fig. 5(a) , directly related to the velocity of the turbid medium] and the other containing information about the level of back-reflected signal [see Fig. 5(b) , directly related to the optical properties of scatterers]. As expected, confocal reflectance stays at almost the same level over the entire channel because the optical properties of diluted milk remains uniform regardless of the flow rate. Fig. 5(c) shows the combination map which is formed by adding (a) and (b) pixel by pixel. The combined image contains information from both modalities. Hence, loss of data in one modality will not result in a catastrophic loss of contrast in the combined image. To reduce the level of background signal (noise), we can multiply (a) and (b) pixel by pixel. This multiplication image is shown in Fig. 5(d) . Multiplying the images reduces the noise markedly. Although it is clear that noise in (d) is lower than noise in (b), it is hard to notice this improvement with respect to (a). Therefore, both (a) and (d) are shown with a limited range in (e) and (f), respectively. From (e) and (f), it is clear that multiplication markedly reduces the noise level compared to the Doppler image. Although the noise of the Doppler signal outside of the channel is not high in this experiment, this noise reduction technique could be of great benefit for biological samples.
To quantify the improvement in the sensitivity or contrast of the multiplication image, we define a signal to background ratio (SBR) parameter as the average signal inside the channel (flow region) to the average signal outside the channel. We calculated the average signal level along the all scan lines parallel to and to the left of the blue broken line in Fig. 2 . Blue, green, and red broken lines in Fig. 6 show the average Doppler, confocal reflectance, and multiplication signals, respectively. There are 62 pixels along the blue broken line in Fig. 2 , and therefore, the SBR was calculated as the average of the signal from the channel or flow area, i.e., pixels 8 to 56, to the average of the signal from outside the flow area, i.e., pixels 1 to 7 and 57 to 62. The SBRs for average Doppler, confocal reflectance, and multiplication signals are 6.8, 2.0, and 13.7, respectively. Therefore, the improvement in the SBR of the multiplication image compared to Doppler flowmetry and confocal reflectance images are 2.0 and 6.9, respectively.
Conclusion
A compact LFI system and scheme for concurrent RCM and LDF imaging of dynamic turbid media was proposed. In a confocal optical configuration, RCM provides information about scattering from within a small volume centered around the focal point of the confocal system, and LDF provides information about the velocity of moving scatterers within the same volume. Raster scanning the sample enables the creation of two images, containing independent information, from a well specified depth within the sample. This permits one to take advantage of both imaging modalities, and we believe this technique can be used to improve the capability of an integrated confocal laser imaging system. We experimentally demonstrated the applicability of the technique on a simple tissue phantom. The transition to real human tissue requires fast scanning but is otherwise fundamentally straightforward. Such rapid scanning could be achieved by replacing the mechanical translation stage with a fast scanning mirror. A study reporting on an LFI imaging embodiment of this technology has recently been reported in [28] . By conducting simple mathematical operations on the concurrently-obtained images, we can create combined images with increased contrast or sensitivity. For a combined image formed by direct pixel-by-pixel multiplication, we demonstrated a minimum improvement factor of 2 in the signal to background ratio when compared to each of the individual images.
